DNA replication and repair in mammalian cells involves three distinct DNA ligases: ligase I (Lig1), ligase III (Lig3) and ligase IV (Lig4) 1 . Lig3 is considered a key ligase during base excision repair because its stability depends upon its nuclear binding partner Xrcc1, a critical factor for this DNA repair pathway 2,3 . Lig3 is also present in the mitochondria, where its role in mitochondrial DNA (mtDNA) maintenance is independent of Xrcc1 (ref. 4). However, the biological role of Lig3 is unclear as inactivation of murine Lig3 results in early embryonic lethality 5 . Here we report that Lig3 is essential for mtDNA integrity but dispensable for nuclear DNA repair. Inactivation of Lig3 in the mouse nervous system resulted in mtDNA loss leading to profound mitochondrial dysfunction, disruption of cellular homeostasis and incapacitating ataxia. Similarly, inactivation of Lig3 in cardiac muscle resulted in mitochondrial dysfunction and defective heart-pump function leading to heart failure. However, Lig3 inactivation did not result in nuclear DNA repair deficiency, indicating essential DNA repair functions of Xrcc1 can occur in the absence of Lig3. Instead, we found that Lig1 was critical for DNA repair, but acted in a cooperative manner with Lig3. Additionally, Lig3 deficiency did not recapitulate the hallmark features of neural Xrcc1 inactivation such as DNA damage-induced cerebellar interneuron loss 6 , further underscoring functional separation of these DNA repair factors. Therefore, our data reveal that the critical biological role of Lig3 is to maintain mtDNA integrity and not Xrcc1-dependent DNA repair.
DNA replication and repair in mammalian cells involves three distinct DNA ligases: ligase I (Lig1), ligase III (Lig3) and ligase IV (Lig4) 1 . Lig3 is considered a key ligase during base excision repair because its stability depends upon its nuclear binding partner Xrcc1, a critical factor for this DNA repair pathway 2, 3 . Lig3 is also present in the mitochondria, where its role in mitochondrial DNA (mtDNA) maintenance is independent of Xrcc1 (ref. 4 ). However, the biological role of Lig3 is unclear as inactivation of murine Lig3 results in early embryonic lethality 5 . Here we report that Lig3 is essential for mtDNA integrity but dispensable for nuclear DNA repair. Inactivation of Lig3 in the mouse nervous system resulted in mtDNA loss leading to profound mitochondrial dysfunction, disruption of cellular homeostasis and incapacitating ataxia. Similarly, inactivation of Lig3 in cardiac muscle resulted in mitochondrial dysfunction and defective heart-pump function leading to heart failure. However, Lig3 inactivation did not result in nuclear DNA repair deficiency, indicating essential DNA repair functions of Xrcc1 can occur in the absence of Lig3. Instead, we found that Lig1 was critical for DNA repair, but acted in a cooperative manner with Lig3. Additionally, Lig3 deficiency did not recapitulate the hallmark features of neural Xrcc1 inactivation such as DNA damage-induced cerebellar interneuron loss 6 , further underscoring functional separation of these DNA repair factors. Therefore, our data reveal that the critical biological role of Lig3 is to maintain mtDNA integrity and not Xrcc1-dependent DNA repair.
Lig3 has been ascribed repair functions during DNA replication, DNA strand break repair through the BER/single-strand break repair pathway, and has been implicated in double-strand break repair if non-homologous end-joining is disabled 1, [7] [8] [9] . Given the close association between Xrcc1 and Lig3 and the substantial DNA repair deficiency present when Xrcc1 is inactivated, the link between Lig3 and DNA repair is compelling [1] [2] [3] 7, 8 .
In the mitochondria, Lig3 functions during replication and repair of mtDNA, but in an Xrcc1-independent manner 4,10-12 . The highly oxidative environment of the mitochondria suggests that DNA repair will be important for mtDNA maintenance [11] [12] [13] [14] [15] [16] [17] , particularly as mtDNA point mutations or deletions can result in mitochondrial dysfunction 13, [18] [19] [20] . Defects in mtDNA maintenance are the bases of multiple human syndromes. For example, distinct mutations of DNA polymerase gamma (PolG), a mitochondrial-specific polymerase that is essential for mtDNA replication, can result in diverse human syndromes involving ataxia, Parkinsonism or diabetes [20] [21] [22] [23] [24] . Consequently, Lig3 is potentially critical for both nuclear and mtDNA integrity.
To determine the biological role of Lig3, we generated Lig3 Nes-cre mice, in which Lig3 was conditionally inactivated throughout the nervous system using Nestin-cre. Although germline Lig3 deletion is lethal early during embryonic development 5 , Lig3 Nes-cre mice were born alive. Although initially indistinguishable from wild-type (WT) littermates, Lig3 Nes-cre mice became growth retarded and profoundly ataxic by 2 weeks of age (Supplementary Movie 1), and did not survive beyond 20 days of age ( Supplementary Fig. 1 ). Magnetic resonance imaging of postnatal day 14 (P14) Lig3 Nes-cre mice revealed a smaller brain compared with controls ( Fig. 1a ). Lig3 Nes-cre tissue had markedly reduced Lig3 levels in the brain, but not elsewhere (Fig. 1b) , and despite Lig3 instability after Xrcc1 loss 2,6 , the converse did not occur ( Fig. 1b) . In contrast to WT and Xrcc1 Nes-cre , the Lig3 Nes-cre cerebellum was substantially smaller, showing both reduced proliferation and increased apoptosis of granule neuron progenitors, resulting in widespread loss of these cells (Fig. 1c, d and Supplementary Fig. 2 ). Other cell types such as oligodendrocytes were also affected in the Lig3 Nes-cre brain ( Supplementary Fig. 3 ).
Given that Xrcc1 stabilizes Lig3, we determined if Lig3 loss also disrupts cerebellar interneurons, a hallmark phenotype after Xrcc1 inactivation 6 . However, the Lig3 Nes-cre cerebellum contained a normal complement of interneurons as determined by western blot of cerebellar extracts and tissue immunostaining using anti-Pax2, a marker for this neuronal type ( Fig. 1e, f) . Therefore, despite their close association, inactivation of Lig3 leads to a strikingly different neural phenotype to Xrcc1 loss.
As Xrcc1 Nes-cre and Lig3 Nes-cre are phenotypically distinct, and because Lig3 inactivation can compromise mtDNA 11 and mitochondrial Lig3 is required for ES cell viability 31 , we determined if the Lig3 Nes-cre neurodevelopmental defects were due to disruption of mitochondrial function. Using mitotracker to label mitochondria, we found a pronounced mitochondrial defect in primary Lig3 Nes-cre cortical astrocytes ( Fig. 2a ). In both WT and Xrcc1 Nes-cre astrocytes there was an elaborate distribution of actively streaming mitochondria. In stark contrast, mitochondria in Lig3 Nes-cre astrocytes were static and showed an abnormal morphology and distribution ( Fig. 2a and Supplementary Movie 2).
Identification of mtDNA using PicoGreen showed a normal distribution in WT or Xrcc1 Nes-cre cells (arrows), but an absence of mtDNA in Lig3 Nes-cre astrocytes ( Fig. 2a ). We then assessed mtDNA integrity in vivo in the Lig3 Nes-cre brain and found the amount of recovered mtDNA from this tissue was markedly decreased compared with that from equal amounts of WT tissue or Lig3 Nes-cre liver (Fig. 2b ). This was further confirmed using a PCR assay that amplified specific mtDNA regions, which showed a loss of mtDNA throughout the Lig3 Nes-cre brain (Fig. 2b ). Lig3 Nes-cre astrocyte cultures also became acidic compared with WT cultures, suggesting lactic acid accumulation because of defective oxidative respiration, and, accordingly, Lig3 Nes-cre cells were defective in oxygen metabolism ( Supplementary Fig. 4 ).
We then directly assessed mitochondria ultrastructure in the Lig3 Nes-cre brain using electron microscopy. We found morphological abnormalities of the mitochondria at postnatal times coinciding with the emergence of ataxia. By P7, cerebellar Purkinje neurons showed mitochondria with distorted cristae structure and broad changes in mitochondrial morphology ( Fig. 2c ).
We also assessed components of the mtDNA-encoded electron transport chain, which are often affected in dysfunctional mitochondria 22 . By P5, there was a marked reduction of complex III (CO III), and COX IV immunostaining in Purkinje cells (Fig. 2d ), and elsewhere throughout the brain including hippocampal structures and the cortices Figure 1 | Lig3 inactivation throughout the nervous system leads to a phenotype different to Xrcc1 loss. a, MRI analysis of the Lig3 Nes-cre nervous system shows microcephaly and a small cerebellum (arrow) compared with WT. b, Lig3 is deleted in various Lig3 Nes-cre brain regions whereas Xrcc1 protein levels are unaffected. c, Comparative Nissl staining of P14 cerebellum (Ce) from Lig3 Nes-cre , Xrcc1 Nes-cre and WT. d, PCNA immunostaining shows disrupted neurogenesis in the P6 Lig3 Nes-cre cerebellum (arrows). e, Levels of the interneuron marker Pax2 are similar in control and Lig3 Nes-cre tissue, but substantially reduced in the Xrcc1 Nes-cre cerebellum. Cer, cerebellum; Ctx, cortex; Di, diencephalon; Liv, liver. f, Interneurons are present in the Lig3 Nes-cre cerebellum but are absent from Xrcc1 Nes-cre tissue (arrows) as determined by Pax2 immunostaining.
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in the Lig3 Nes-cre brain. a, Mitotracker labelling reveals defects in mitochondria from Lig3 Nes-cre but not WT or Xrcc1 Nes-cre astrocytes. PicoGreen staining shows reduced mtDNA in Lig3 Nes-cre astrocytes; N, nucleus. Boxed areas show the region expanded in adjacent panels. b, Analysis of mtDNA by pulsed-field gel electrophoresis shows an age-dependent quantitative reduction in mtDNA from P5 to P14 Lig3 Nes-cre brain compared with controls. mtDNA levels in the Lig3 Nes-cre liver were similar to control tissue. PCR of mtDNA revealed a reduction in mtDNA isolated from Lig3 Nes-cre brain tissue (asterisks). c, Electron microscopy showed alterations in mitochondrial morphology in Lig3-deficient Purkinje cells compared with WT tissue. d, Staining of electron transport chain components complex III core 2 (CO III) and COX IV in vivo is reduced in P7 cerebellar Purkinje cell mitochondria; counterstain is 49,6-diamidino-2-phenylindole (DAPI).
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( Supplementary Fig. 5 ). The biochemical activity of complex I was also reduced in Lig3 Nes-cre brain ( Supplementary Fig. 5 ). Consistent with increased production of free radicals from dysfunctional mitochondria, increased tyrosine nitrosylation was found in the Lig3 Nes-cre brains ( Supplementary Fig. 6 ). We also generated Lig3 Ckmm-cre mice, in which the muscle creatine kinase promoter drives cre-mediated deletion of Lig3, and confirmed diminished Lig3 levels in cardiac and skeletal muscle, whereas levels in the brain were normal (Fig. 3a) . All Lig3 Ckmm-cre mice died abruptly between 3.5 and 4.5 weeks of age (Fig. 3b ). Although we did not find any histological difference between Lig3 mutant and WT skeletal muscle, Lig3 Ckmm-cre mice showed heart defects associated with cardiac Lig3 inactivation. Overall heart size of the mutants was larger than controls, and dilation of the ventricle and atrium and thinning of the ventricle walls was apparent ( Supplementary Fig. 7 ). We also identified disruption in connexin-43, depletion of cardiac troponin-I and defective intercalated disc structure, suggesting that force generation and transmission during cardiac muscle contraction was defective ( Fig. 3c and Supplementary Fig. 7 ). Electron microscopy of mutant heart muscle also revealed disruption of myofibre structure and pronounced defects in mitochondrial morphology ( Fig. 3d and Supplementary Fig. 7 ).
We monitored heart function using transthoracic ultrasound echocardiography (ECG) in Lig3 Ckmm-cre and WT animals beginning from 3 weeks of age. M-mode echocardiography showed that the diastolic and systolic movement of the left ventricle wall and interventricular septum was decreased in Lig3 Ckmm-cre mice, which was associated with an ECG reading reflecting an abnormal heart rhythm (Fig. 3e) . Fractional shortening and ejection fraction (Fig. 3f ), two ways of measuring cardiac contractility, were also decreased significantly in Lig3 Ckmm-cre mice, indicating heart pump function was severely affected, a phenomenon often leading to heart failure.
Although Lig3 is linked to DNA repair through interaction with and stabilization by Xrcc1 2,6 , the role for this ligase during nuclear DNA repair is unclear. Therefore, we initially compared nuclear DNA repair in WT, Lig3 Nes-cre and Xrcc1 Nes-cre astrocytes after treatment with various genotoxins. We found that DNA repair after hydrogen peroxide and ionizing radiation in quiescent Lig3 Nes-cre astrocytes was similar to WT cells whereas Xrcc1 Nes-cre cells showed a marked repair defect (Fig. 4a, b) . One exception was ultraviolet damage, where DNA repair in Lig3 Nes-cre cells was reduced compared with controls; although, even in this situation, Xrcc1 Nes-cre cells showed a substantially greater DNA repair defect ( Supplementary Fig. 8 ). This may indicate that Lig3 is selectively required to repair specific types of DNA lesion 25 .
As Lig3 loss did not substantially affect DNA repair after hydrogen peroxide or ionizing radiation, we considered if a sub-pathway of BER, termed long-patch-repair 7 , might functionally compensate for 
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defects in short patch BER. This is the situation when another repair factor, aprataxin (Aptx), is defective 26 . We used aphidicolin to inhibit acutely the long-patch-repair polymerases Pol-d and Pol-e, but found no DNA repair defect in Lig3 Nes-cre cells after addition of methyl methanesulphonate ( Supplementary Fig. 8 ). In contrast to Lig3 Nes-cre cells, quiescent Aptx 2/2 astrocytes had a reduced rate of DNA repair after addition of methyl methanesulphonate in the presence of aphidicolin, indicating long-patch-repair inhibition (Fig. 4d) .
To further determine the repair capability and potential functional compensation by other DNA ligases in the absence of Lig3, we used lentiviral-mediated short hairpin RNA (shRNA) in primary mouse embryonic fibroblasts (MEFs) to inactivate Lig1, Lig3 and Lig4 (Fig. 4c) . Importantly, under the conditions we established for shRNAmediated ligase knockdown, minimal cell lethality was observed (data not shown). Using this approach, we found that, similar to Lig3 Nes-cre cells, Lig3-depleted cells were also competent to repair hydrogenperoxide-induced DNA damage in quiescent cells (Fig. 4d) . In contrast, inactivation of Lig1, but not Lig4, resulted in a marked defect in the ability to repair hydrogen-peroxide-induced DNA damage (Fig. 4d) . Moreover, dual inactivation of Lig1 and Lig3 resulted in an exacerbated repair deficiency that was similar to Tdp1 2/2 cells, indicating functional cooperation between Lig1 and Lig3 after hydrogen peroxide treatment (Fig. 4d, e ). We then compared other genotoxins including ionizing radiation and methyl methanesulphonate and found that, similar to damage induced by hydrogen peroxide, individual loss of Lig1, but not Lig3, strongly affected DNA repair ( Fig. 4f and Supplementary  Fig. 8 ). In the case of ionizing radiation, where both DNA single-and double-strand breaks occur, Lig4 inactivation also markedly reduced repair. Again, a cooperative defect was found after dual inactivation of Lig1 and Lig3 during repair of ionizing-radiation-induced lesions. The DNA repair defect associated with Lig1 inactivation was specific, as a modified Lig1 complementary DNA (cDNA) that was shRNA-resistant (Lig1 shR ) restored repair capacity of the shLig1-targeted cells after treatment with hydrogen peroxide or methyl methanesulphonate ( Fig. 4g and Supplementary Fig. 8 ).
Although Xrcc1-mediated stabilization of Lig3 in the nucleus suggests Lig3 is important during DNA repair 2, 7, 8 , our data show that Lig3 is generally dispensable for Xrcc1-mediated DNA repair. On the other hand, our data show that Lig1 is clearly the operative ligase that repairs DNA lesions in quiescent cells usually ascribed to Lig3. However, it is 
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likely that the repair of specific subsets of DNA lesions do involve Lig3 given the increased repair deficiency after coordinate inactivation of Lig1 and Lig3. Although some controversy exists over the role of Lig1 during DNA repair 27, 28 , our data support Lig1 as a key player in this process. Increased sensitivity of repair assays may aid in further delineating Lig3 function during nuclear DNA repair. The mitochondrial defects associated with Lig3 inactivation could occur at the level of mtDNA replication and/or repair. Generation of a mouse with a defect in the proofreading function of PolG led to accumulation of mtDNA mutations 20 . However, although these animals were viable, they showed a variety of age-related defects associated with mtDNA mutations, and many survived longer than a year without developing the phenotypes we found after Lig3 inactivation in the brain or heart. In contrast, mitochondrial transcription factor A is essential for mtDNA replication, and its inactivation in the heart using Ckmm-cre 29 produced a similar phenotype to the Lig3 Ckmm-cre mice, suggesting defective mtDNA replication underpins the Lig3 mutant phenotype.
Although the Lig3-deficient nervous system (and heart) develops in a relatively normal manner, we assume mtDNA is nonetheless compromised during development of these tissues. The pronounced decline in the newborn Lig3 Nes-cre brain (and Lig3 Ckmm-cre heart) may be a combination of mtDNA defects acquired during organogenesis and stresses associated with the physiological and respiratory changes at birth 30 , and the high demand for oxidative metabolism.
Thus, our data point to disparate biological roles for Lig3 and Xrcc1, with each primarily important in separate cellular compartments to ensure the integrity of mitochondrial and nuclear DNA, respectively. Additional analyses of Lig3 function during nuclear DNA repair and mtDNA maintenance will provide important insights into genome stability, mitochondrial biology and tissue homeostasis. Lig3 mutations may also underpin some of the many mitochondrial diseases for which the causative gene defect is unknown.
METHODS SUMMARY
Generation of Lig3 mutant mice. Embryonic stem cells were electroporated with a targeting vector incorporating LoxP sites flanking exons 6-14 of Lig3 to obtain mice with a floxed Lig3 allele. Intercrossing these with Nes-cre or Ckmm-cre mice generated Lig3 Nes-cre or Lig3 Ckmm-cre animals. Mitochondrial analysis. MitoTracker Red and PicoGreen were used to label astrocyte mitochondria. For electron microscopy, tissues were fixed in paraformaldehyde with osmium tetroxide post-fixing, and stained with uranyl acetate. mtDNA was assessed using pulsed-field gel electrophoresis and PCR. Cardiac analysis. A VEVO-770 instrument (VisualSonics) was used for echocardiography analysis. ECG was determined and M-mode analysis was done to measure cardiac contractility. DNA repair analysis. Lig3 Nes-cre , Xrcc1 Nes-cre , Aptx 2/2 and control astrocytes were prepared as described previously 6 . MEFs were established from embryonic day (E) 13.5 embryos. RNA interference was used to inactivate DNA ligases in primary MEFs. shRNA-encoding lentiviral particles were produced by co-expression of pLKO.1-puro plasmids (TRC1, Sigma) with Mission Lentiviral packaging DNA (Sigma, SHP001) in 293T cells. The Comet Assay IV system (Perceptive Instruments) was used to assay DNA damage as described 6, 26 .
